Abstract
and zygonema was further confirmed by chromosome spreads, where CXXC1 showed diffused 1 4 0 signal over the entire nuclear region (Fig 2B) . 1 4 1 1 4 2
These results suggest that CXXC1 is co-expressed with PRDM9 in leptonema and zygonema, 1 4 3
and that its expression and localization are not affected by the presence or absence of PRDM9. To test whether CXXC1 is involved in spermatogenesis, we generated a conditional knockout 1 4 7 (CKO) model using CRISPR/Cas9 to insert loxP sites flanking exon 2 and 3 of Cxxc1 in 1 4 8 C57BL/6J. We bred early spermatogonia-specific knockout mice (Cxxc1 loxp/Δ;Stra8-iCre , hereafter 1 4 9
Cxxc1 CKO) by crossing the Cxxc1 loxp/loxP mice with Stra8-iCre mice. Western blot confirmed 1 5 0 that in knockout testes, the protein level of CXXC1 is reduced (Fig 3A) . CXXC1 was absent in 1 5 1 spermatocytes of the CKO, but present in spermatogonia and Sertoli cells (Fig. 3B ). 1 5 2 1 5 3
We performed fertility test with two CKO mice. To our surprise, both CKO mice were fertile and 1 5 4 produced similar number of viable progeny compared to the heterozygous (het) and B6 controls 1 5 5 (Fig 3C) . Testis index (testis weight/body weight) was the same in CKO as in het and wild type 1 5 6 B6 controls (Fig. 3D) . Histology of testis and epididymis from CKO mice showed no detectable 1 5 7 spermatogenesis defects (Fig 3E) . In contrast, Cxxc1 oocyte-specific knockout female mice with 1 5 8 We further tested whether CXXC1 affects the localization, the expression pattern, or the 1 6 5 function of PRDM9. Localization of PRDM9 in seminiferous tubules was preserved in CKO as 1 6 6 determined by immunostaining (Fig 4A) . In addition, the expression pattern of PRDM9 in 1 6 7 leptonema and zygonema was not affected in the absence of CXXC1 (Fig 4B) . 1 6 8 1 6 9
To test whether lack of CXXC1 affects PRDM9 methyltransferase function, we first compared 1 7 0
H3K4me3 patterns in control and Cxxc1 CKO mice. Both control and CKO chromosome 1 7 1 spreads showed abundant H3K4me3 signal in leptonema and zygonema, lower signal in 1 7 2 pachynema and increased signal in diplonema ( Fig 4C) . In addition, the H3K4me3 staining on 1 7 3 cross sections of CKO testis showed no decrease ( Fig S1) . These data indicate that the hotspot 1 7 4 trimethylation and transcriptional activation in spermatocytes are not affected by the loss of 1 7 5
CXXC1. 1 7 6 1 7 7
Second, we determined whether loss of CXXC1 affects PRDM9 binding and its 1 7 8 methytransferase activity at individual hotspots by H3K4me3 ChIP-qPCR. We found that 1 7 9
H3K4me3 enrichment at Dom2 hotspots PbxI and Fcgr4 was not different in B6 control, Cxxc1 1 8 0 heterozygous and CKO. We measured as a control the H3K4me3 enrichment at promoter 1 8 1 regions of housekeeping gene Actinb and meiotic specific gene Sycp3, which are not PRDM9-1 8 2 dependent. These were not changed as well (Fig 4D) Meiotic DSB formation and repair are normal in Cxxc1 CKO 1 8 9
Next, we tested whether lack of CXXC1 affects chromosome synapsis, DSB formation and 1 9 0 repair process. Co-staining of SYCP1 and SYCP3 showed normal synapsis in all autosomes at 1 9 1 pachytene stage in CKO spermatocytes. We did not detect increased chromosome asynapsis 1 9 2 in the CKO spermatocytes compared to controls (Fig 5A) . 1 9 3 1 9 4 DSB formation was not affected by the loss of CXXC1 either, when measured by the number of 1 9 5
foci of DMC1, the protein that binds to the single stranded DNA tails at DSB sites [7, 8] (Fig 5B) . 1 9 6
We used staining for phosphorylated H2AX (γH2AX), which marks unrepaired DNA lesions, to 1 9 7 test for the processing of recombination repair. The pattern of γ H2AX staining was not changed 1 9 8
in CKO compared to the het control spermatocytes, showing γ H2AX signal throughout the 1 9 9 nucleus in leptotene spermatocytes when DSBs occur, which was then restricted to the sex 2 0 0 body in pachytene spermatocytes when the autosomal breaks are repaired ( Fig 5C) . 2 0 1 2 0 2 Finally, we examined whether loss of CXXC1 affects crossover determination process. Using 2 0 3 MLH1 as a marker of crossover sites, we did not find any significant change of crossover 2 0 4 number in the CKO spermatocytes compared to the het controls ( Fig 5D) An alternative, PRDM9-independent pathway, can explain the fraction of DSB detected at 2 4 9 promoters in wild type mice, and all DSB in PRDM9 mutant mice [8, 36] . This pathway could 2 5 0 involve CXXC1 as part of the SETD1 complex, known to bind H3K4me3 at promoters, in a way 2 5 1 similar to Spp1-Mer2 role in yeast meiosis. It is not an essential pathway in most organisms 2 5 2 using PRDM9 as hotspot determinant, but may play a major role in those lacking PRDM9, such 2 5 3 as canids [37] [38] [39] , where recombination hotspots are enriched in CpG-rich regions with a 2 5 4 preference for unmethylated CpG islands [8, 16, 37, 40] , similar feature as CXXC1 binding sites 2 5 5 [20, 41] . A recent finding of a woman, who has no active PRDM9 but is fertile, suggests that this 2 5 6 pathway may become activated and ensure proper recombination even in organisms using 2 5 7 All wild-type mice used in this study were in the C57BL/6J (B6) background. Exon 2 and exon 3 2 6 2 of Cxxc1 were flanked by two loxP sites using CRISPR. The Cxxc1 conditional knockout mice 2 6 3 1 2 used in this study were produced by a two-step deletion scheme. Co-immunoprecipitation assays 2 7 9
The co-IPs for PRDM9 and EWSR1 with testicular extract were carried out using our reported 2 8 0 protocol [15] . Testicular total protein was extracted from twenty 14 dpp B6 and Prdm9
Set-/Set-2 8 1 with1 ml of Pierce IP buffer (Thermo Fisher Scientific, 87787). 10% of extract was set apart as 2 8 2 input. The co-IP was perform by incubating extract with protein G Dynabeads conjugated with 2 8 3 antibodies against PRDM9 (custom-made) or guinea pig IgG overnight at 4°C. Then, the beads 2 8 4
were washed three times with 1 ml of Pierce IP buffer, eluted with 200 μ l of GST buffer (0.2 M 2 8 5 glycine, 0.1% SDS, 1% Tween 20, pH 2.2) for 20 min at room temperature and neutralized with 2 8 6 40 μ l of 1 M Tris-HCl, pH 8. After heated at 95°C for 5 min, 10 µg of IP and input samples were 2 8 7 then subjected to electrophoresis and western blotting for detection of PRDM9 (1:1000, custom 2 8 8
